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Electrical conductivity, thermoelectric power and dielectric constant of a Gd2Ti207 single 
crystal have been studied in the temperature range 300-1000 K. Gd2Ti207 is found to be a 
n-type semiconductor with energy band gap 1.5 eV. It exhibits an extrinsic nature up to 675 K 
and an intrinsic nature above 675 K. The thermoelectric power increases with temperature in 
the region 300-675 K whereas it decreases with temperature in the region 675-1000 K. The 
dielectric constant increases slowly in the temperature range 300-675 K but this increase 
becomes fast in the temperature range 675-1000 K. 

1. I n t r o d u c t i o n  
Single crystals of Gd2Ti20 7 have pyrochlorine-type 
structure (Fd3m). It possesses cubic symmetry; and 
the parameter of the elementary cell is a = 1.0762 nm 
[1]. Only the crystallographic properties of a 
Gd2Ti207 single crystal have been studied till now. 
This paper reports on the electrical conductivity, 
thermoelectric power and dielectric constant of 
Gd2Ti20 7 single crystals in the temperature range 
300-1000 K. 

2. Experimental procedure 
Single crystals of Gd2Ti207 were grown by the flux 
method at the Clarendon Laboratory Oxford, UK. 
Details about the crystal growth and identification 
techniques are given elsewhere [2]. The crystal on 
which the measurements were carried out, has a di- 
mension 3.07 x 3.01 x 1.45 mm. The d.c. electrical con- 
ductivity and thermoelectric power have been 
measured with the help of a digital multimeter 
(PM 2522/90, Philips, India) with an accuracy better 
than _+ 0.25% and _+ 0.20% for resistance and e.m.f. 
measurements, respectively. The a.c. electrical con- 
ductivity and dielectric constant have been determined 
using an autocomputing digital LCR-Q meter (4910, 
Applied Electronics Ltd. Thane, India) at an internal 
frequency of 1 kHz. For the dielectric measurement, 
the crystal was used as a dielectric medium. For all the 
measurements perpendicular to the c-axis, the two- 
probe method was employed. Platinum foils and silver 
paint were used as electrode materials. Temperatures 
were recorded with the help of a chromel alumel 
thermocouple attached to the platinum electrodes. 
The details regarding the sample holder assembly and 
measuring techniques are given elsewhere [3]. 
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3. Results and discussion 
The electrical conductivity (or) of a Gd2Ti20 v single 
crystal has been measured in the temperature range 
300-1000K, perpendicular to the c-axis. Due to the 
small size of the crystal, it was not possible to measure 
the electrical conductivity parallel to the c-axis. Vari- 
ation of the logcy with the reciprocal of absolute 
temperature (103 T -1) is shown in Fig. 1. The curve 
follows the well known exponential relation [41 

= Croexp(- W/kT)  (1) 

where cy o is a constant, Wis the activation energy and 
k is the Boltzmann constant, and has two different 
slopes below and above 675 K. The data can be ex- 
pressed by two straight lines, one below 675 K and the 
other above 675 K as follows: 

0.07 e V )  f~_l cm_ ~ 
% = 1.348x 10-Texp kT 

300K ~< T~< 675K (2) 

( 0 " 7 5 e V ) ~ - ~ c m - ~  
~n = t.6527exp kT 

675K~< T ~< 1000K (3) 

where eV is the activation energy. 
The values of Cro(T), energy gap and activation 

energy in different temperature ranges are presented in 
Table I. 

The activation energy of 0.07 eV below 675 K is 
verysmall and it cannot be assigned as the activation 
energy of the intrinsic conduction. Such a value of the 
activation energy is a characteristic of extrinsic 
conduction due to impurities, point defects or 
interstitials, which are often present in the forbidden 
energy gap of the crystal. Such types of impurities 
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T A B L E  I Activation energy, cr0(T) and energy gap for a 
Gd2Ti20 7 single crystal 

Temperature Activation ~o(T) Energy gap 
range (K) energy (eV) (f~-i cm-1)  (eV) 

300-675 0.07 1.348 • 10 -7 0.14 
675-1000 0.75 1.6527 1.50 

present in mixed oxides, cannot be removed easily [5]. 
The contributions of defects or impurities to cond- 
uction in a solid can be explained in terms of donors 
and acceptors, and is represented by the expression 
[6] 

o a = A e x p ( -  Ei/kT ) (4) 

where E i is the ionization energy of donors or accept- 
ors and is usually El ~ 0.1 eV for semiconducting 
materials. The activation energy found below 675 K is 
approximately comparable to the ionization energy 
El. Therefore the conclusion that electrical conduction 
is certainly due to impurities, point defects or inter- 
stitials, seems to be reasonable. The higher value of 
activation energy above 675 K indicates that conduc- 
tion is of an intrinsic type. So the change in the nature 
of the log o v e r s u s  103 T -  1 curve at T ~ 675 K is due 
to a change in the conduction mechanism i.e. the 
transition from extrinsic to intrinsic conduction. How- 
ever, this change may be also due to the change in the 
crystal structure of the specimen. 

The relevant bands for conduction in this solid are 
O2- :2p  filled, Gd3+:4f partially filled, and Ti6+:4d 
and Gd3+:5d empty bands. The only partially filled 
band expected in this solid is the 4f band but it has 

been shown that 4f electrons have almost atomic 
character even in rare-earth solids and form only very 
narrow and highly correlated bands [7, 8]. The value 
usually quoted for band width is 0.05 eV. Hence the 
participation of 4f electrons in conduction is almost 
not possible [9, 10]. The 5d band in rare-earth solids is 
regarded as the conduction band [8]. Thus it seems 
likely that electrons in 5d bands, caused by the ther- 
mal excitation of electrons from 4f or 5p bands and 
holes left, are responsible for electrical conduction 
above T ~ 675 K. So the only appropriate bands for 
high mobility electrical conduction are the Gd 3 +:5d 
empty band and the O 2-: 2p filled band. The 2p band 
is expected to be an ordinary band (about 4 eV wide) 
and the large polaron theory of conduction should be 
applied in this band. The 5d band is in comparison a 
narrow band, the mobility of charge carriers in this 
band is thus expected to be low in comparison to 
mobility of charge carriers in O2- :2p  band. Thus 
intrinsic conductivity should be dominated by large 
polarons. The electron or hole current domination 
will depend on the effective mass of the charge carriers 
in the empty band Gd3+:5d and the filled band 
O2- :2p  [11,12]. However, both these holes and 
electrons are expected to interact with the lattice and 
this may lead to the formation of large polarons as 
discussed by several authors [13-15]. The electrical 
conduction of a large polaron is of the band-type and 
the expression for the conductivity is 

o = ~ o e x p ( -  Eg/2kT) (5) 

where Eg is the energy gap of the solid. In the temper- 
ature range 675-1000K, the l o g o  versus 103T -1 
curve is a straight line and conduction is probably the 

o 

A 

I 

u 

"; 7 

b 

I I I I o 1 
1.5 2.0 2.5 3.0 3.5 

I03/T (K-I) 

Figure 1 Variation of log o with the reciprocal of absolute temperature (10 a T -  1) @: d.c. conductivity A : a.c. conductivity. 
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Figure 2 Var ia t ion  of the thermoelec t r ic  power  (S) wi th  the reciprocal  of abso lu te  t empera tu re  (10 3 T 1). 
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band- type due to the large polarons. From this part 2.4 
of the curve, the energy band gap is calculated as 
Eg = 1.5 eV and Co = 1.6527 f~- 1 cm-  1. 

It is observed from Fig. 1 that a.c. conductivity is 
slightly higher than d.c. conductivity in the tem- 
perature range 300-675K, which predicts that the 
conductivity in this temperature region is ionic as well 
as electronic. The higher value of the a.c. conductivity 
also suggests that some sort of impurities are present 
in the crystal resulting in dielectric loss. Coincidence 
of the a.c. and d.c. conductivities at higher temper- 
atures shows that the material is predominantly an 
electronic semiconductor. 

The thermoelectric powers (S) were estimated using 
the relation 

AE 
S = l i m i t - -  (6) 

ar-~o AT 

where AE is the potential difference across the crystal 
due to temperature difference AT ~ 20 ~ The vari- 
ation of the thermoelectric power (S) as a function of 
103 T -  1 is shown in Fig. 2. The negative polarity of 
the thermo e.m.f, shows that GdzTi /O  7 is a n-type 
semiconductor and the majority charge carriers are 
electrons. We have calculated the charge carrier 
mobility in the two temperature ranges 300-675 and 
675-1000 K from the electrical conductivity and ther- or 
moelectric power data, using the relations [4] 

F2nkTq 3/2 
 o(r) = 2e[  -J (memh)3/4(g e + p . )  

and [21] 

S - 2e \ c + l J T  

(7) where 

2 k ( c - 1 )  3 k  
e ~ - 4 e  l~  (8) 
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Figure3 Variation of the dielectric constant (s') with absolute 
temperature (T). 

q 
S = y + K (9) 

E g  C - 1 

g~ me 
C - -  , a =- - -  

~h  mh  

(10) 

3 kloge(a) 1 (11) 
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Figure 4 Variation of the carrier mobility (g) with the reciprocal of absolute temperature (10 3 T-1). 
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and m e, ge, mh and gh are effective mass and mobility 
of the electron and hole, respectively, and k and h are 
Boltzmann and Planck's constants, respectively. Vari- 
ation of carrier mobility g and the reciprocal of the 
absolute temperature (103 T -1) is shown in Fig. 4. 
From Fig. 4, it is clear that the temperature depen- 
dence of carrier mobility in the expression cr = nqge 

+ PqP.h is small enough to make Equation 1 etc. a 
reasonable approximation. 

Thermoelectric power increases with temperature 
up to T ~ 675 K. The increase in thermoelectric power 
with temperature shows that the electrical conduction 
in this solid is due to a small polaron-hopping mech- 
anism in which mobility of the charge carrier increases 
with increase in temperature. The conduction in this 
compound is the extrinsic type below 675 K, governed 
by impurities, defects, vacancies etc., therefore the 
number of impurity charge carriers will become con- 
stant after a certain temperature [16]. In the high 
temperature region i.e. T >  675K, the decrease in 
thermoelectric power with temperature is in accord- 
ance with our conclusion of a large polaron band 
conduction in which the number of charge carriers 
increases exponentially with the temperature and, the 
mobility of charge carriers decreases with temper- 
ature. Thus it is clear that due to these factors, the 
thermoelectric power decreases with temperature in 
the region 675-1000 K. 

The static dielectric constant (e') of a single crystal 
of Gd2Ti20 v has been measured perpendicular to the 
c-axis in the temperature range 300-1000K. The di- 
electric constant at various temperatures has been 
calculated using the relation [17] 

ll.3t 
~' = C - -  (12) 

A 

where C is the capacitance in picoFarads, t is the 
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thickness of the crystal in cm and A is the area of the 
electrode in cm 2. The variation of the dielectric con- 
stant (e') with absolute temperature is shown in Fig. 3. 
The trend of increasing e' with temperature is similar 
to the trend of increasing conductivity. The increase of 
e' with temperature is very slow up to 675 K and 
above this it increases rapidly with temperature rise. 
The slow increase in e' with temperature is the usual 
trend in ionic solids [18-20]. Due to the increase in 
temperature, the lattice of the crystal expands with a 
consequent increase in polarizability of ions and thus 
the dielectric constant of the material increases. Above 
675 K formation of the large polarons which increases 
the polarizability of the ions of the crystal to a greater 
extent, takes place. Due to the high increase in polar- 
izability of the ions, the dielectric constant of the 
material increases very rapidly in the temperature 
range 675-1000 K. 

Acknowledgement 
One of the authors (T. H. A.) thanks the Council of 
Scientific and Industrial Research (CSIR), New Delhi, 
for providing the financial support in the form of 
a Senior Research fellowship. 

References 
1. V.A. ANTONOV and P. A. ARSENEV, Phys. Stat. Solid (a) 

35 (1976) K 169. 
2. B.M.  WANKLYN, J. Mater. Sci. 7 (1972) 813. 
3. Y .P .  YADAVA and R. A. SINGH, Mater. Chem. Phys. 17 

(1987) 259. 
4. T . C .  HERMANN and J. M. HONIG, in "Thermoelectric 

power and electromagnetic effects and applications" (McGraw 
Hill, New York, 1976) p. 142. 

5. M.S.  SELTZER and R. I. JAFFEE,  in "Defect and transport 
in oxides" (Plenum Press, New York, 1974). 



6. R . W . G .  WYCKOFF,  in "Crystal structure", Vol. 3 (Inter- 
science, New York, 1975) p. 17. 

7. B. CONQULINandA. BLANDIN, Adv. Phys. 17(1968)281. 
8. C . E . T .  GONCALVES DA SILVA and L. M. FALICOV, 

J. Phys. Chem: Solid State Physics 5 (1972) 63. 
9. Y.A. ROCHER, Adv. Phys. 11 (1962) 233. 

10. R. RAMIREZ and L. M. FALICOV, Phys. Rev. 13, 3 (1971) 
2425. 

11. J. M. ZIMAN, in "Principles of the theary of solids" 
(Cambridge UP, London, 1964) p. 179. 

12. C. KITTEL, in "Introduction to solid state physics" (Wiley 
Eastern, New Delhi, 1971) p. 361. 

13. H. FROHLICH,  Adv. Phys. 3 (1954) 325. 
14. G .R.  ALLCOCK, Adv. Phys. 5 (1956) 412. 
15. J. APPEL, in "Solid state physics" (Academic Press, New 

York, 1968) p. 193. 

16. C. KITTEL, in "Introduction to solid state physics" (Wiley 
Eastern, New Delhi, 1977). 

17. J . P .  SUCHET, in "Electrical conduction in solid materials" 
(Pergamon Press, Oxford, 1975) p. 89. 

18. c.  P. SMYTH, in 'Dielectric behaviour and structure" 
(McGraw Hill, New York, 1955) p. 132. 

19. G. P. SRIVASTAVA and Y. P. VARSHNEY, Physica 22 
(1956) 584. 

20. S. CHANDRA, Cand. J. Phys. 17 (1969) 970. 
21. O .G.  PALANNA, A. L. SHASHI MOHAN, A. B. BISWAS, 

Proc. Indian Acad. Sci. 86A (1977) 455. 

Received 20 August  1990 

and accepted 31 January 1991 

6763 


